g Toxoplasma gondii, the causative agent of toxoplasmosis, is an obligate intracellular protozoan that can infect a wide range of vertebrate cells. Here, we describe the cytotoxic effects of the dinuclear iron compound [Fe(HPCINOL)(SO 4 )] 2 --oxo, in which HPCINOL is the ligand 1-(bis-pyridin-2-ylmethyl-amino)-3-chloropropan-2-ol, on T. gondii infecting LLC-MK2 host cells. This compound was not toxic to LLC-MK2 cells at concentrations of up to 200 M but was very active against the parasite, with a 50% inhibitory concentration (IC 50 ) of 3.6 M after 48 h of treatment. Cyst formation was observed after treatment, as indicated by the appearance of a cyst wall, Dolichos biflorus lectin staining, and scanning and transmission electron microscopy characteristics. Ultrastructural changes were also seen in T. gondii, including membrane blebs and clefts in the cytoplasm, with inclusions similar to amylopectin granules, which are typically found in bradyzoites. An analysis of the cell death pathways in the parasite revealed that the compound caused a combination of apoptosis and autophagy. Fluorescence assays demonstrated that the redox environment in the LLC-MK2 cells becomes oxidant in the presence of the iron compound. Furthermore, a reduction in superoxide dismutase and catalase activities in the treated parasites and the presence of reactive oxygen species within the parasitophorous vacuoles were observed, indicating an impaired protozoan response against these radicals. These findings suggest that this compound disturbs the redox equilibrium of T. gondii, inducing cystogenesis and parasite death.
T
oxoplasma gondii is an intracellular parasitic protozoan and the causative agent of toxoplasmosis, with a worldwide distribution in warm-blooded animals, including humans (1) . The following forms of T. gondii can infect hosts: tachyzoites, which are present during the acute phase of toxoplasmosis; bradyzoites, which are typically found inside tissue cysts in the brain and skeletal muscles during the chronic phase of the infection; and sporozoites, which are present inside oocysts that are produced during the sexual cycle that occurs in the intestines of felines, which are the definitive hosts (2) . As the host adaptive immune response weakens, parasite tissue cysts rupture and release bradyzoites through an unknown mechanism. These recrudescent infections permit parasite conversion to the rapidly dividing tachyzoite stage and cause significant morbidity, including Toxoplasma encephalitis (3, 4) .
Transmission in humans occurs via the ingestion of food or water contaminated with oocysts shed by cats, via the ingestion of undercooked or raw meat containing tissue cysts, or congenitally, particularly when the mother acquires the infection for the first time during pregnancy (5) . In immunocompetent organisms, T. gondii infection is rarely severe and is often asymptomatic. In contrast, in immunocompromised individuals, the most common condition associated with this infection is encephalitis, which causes headache, disorientation, lethargy, hemiparesis, altered reflexes, and convulsions (6) . Pneumonia and myocarditis may also occur in these individuals. In children infected in utero, the parasite invades the brain and retina, resulting in potentially severe consequences, including reduced visual acuity, mental retardation, intracranial calcifications, and hydrocephalus (6) . Associations have recently been made between parasite infection and neurological disorders, such as schizophrenia (7) .
Currently, the most effective therapy for toxoplasmosis is the administration of antifolate compounds, such as the combination of pyrimethamine and sulfadiazine. Despite the efficacy of this therapy, these drugs are often associated with many side effects, which are primarily observed in AIDS patients and include bone marrow suppression and hematological toxicity, which occur in association with pyrimethamine, and/or hypersensitivity and allergic skin reactions, which are associated with sulfadiazine (8) (9) (10) .
In light of the medical relevance of toxoplasmosis, the development of new therapies for this parasitic disease is essential.
However, the main challenge in this field is the development of compounds that are capable of reaching the protozoan inside the host cell at concentrations that are toxic to the parasite but safe for the host.
Some reports in the literature demonstrate that coordination compounds may be an interesting alternative for antiparasite therapy. For example, compounds containing copper or cobalt ions bound to the HmtpO ligand {HmtpO, [5-methyl-1,2,4-triazol [1,5-a] pyrimidin-7(4H)-one]} strongly affect the energy metabolism of Leishmania infantum and Leishmania braziliensis cells, disrupting the membrane structure of organelles and inducing cell death (11) . These compounds were also active in vitro against the trypomastigote and amastigote forms of Trypanosoma cruzi at concentrations similar to those of drugs that are commonly used in clinical therapy, such as benznidazole; however, these compounds were associated with reduced toxicity to host cells and an improved selectivity index. Furthermore, in vivo tests demonstrated that these compounds promoted a significantly lower parasite burden than that with benznidazole treatment (12) .
Horn, Jr., et al. (13) reported that HPCINOL [1-(bis-pyridin-2-ylmethyl-amino)-3-chloropropan-2-ol] is a promising ligand for the development of metallopharmaceuticals, because the associated copper and iron complexes exhibit interesting biological activities. The associated copper complex [Cu(HPCINOL)Cl] ϩ exhibited nuclease activity and was cytotoxic to leukemia cancer cells (14) . Iron complexes with the same ligand were also biologically tested, and the mononuclear compound [Fe(HPCINOL)(Cl) 2 ] protected Saccharomyces cerevisiae cells against oxidative stress, mimicking superoxide dismutase and catalase (15) . This same compound and its dinuclear counterparts [Fe(HPCINOL)(SO 4 )] 2 --oxo and [Fe (HPCINOL)Cl] 2 --oxo accelerated DNA hydrolysis approximately 10 8 -fold compared to the spontaneous DNA cleavage rate, revealing impressive nuclease activity. However, the activities of these compounds against cancer cells were modest and associated with very low toxicity for normal human peripheral blood mononuclear cells (16) . This lack of toxicity for normal cells prompted us to evaluate the activity of these compounds in antiparasitic therapies, because the main challenge of these therapies is the preservation of host cell viability.
Thus, we report here the evaluation of the anti-Toxoplasma activity of the compound [Fe(HPCINOL)(SO 4 )] 2 --oxo ( Fig. 1 ), which significantly reduced the level of parasite infection in the host cell. Furthermore, the associated iron complex induces the production of reactive oxygen species in the cell and promotes a dramatic reduction in the activity of the parasite antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT), indicating that the mode of action of this compound involves the impairment of this protective system.
MATERIALS AND METHODS

Parasites.
The tachyzoites used in this study were from the virulent RH strain of T. gondii and were maintained via intraperitoneal infections in Swiss mice. After 48 h of infection, the parasites were collected via a peritoneal wash with phosphate-buffered saline (PBS) (pH 7.2) and then centrifuged at 1,000 ϫ g for 10 min. The pellet was washed twice with PBS and RPMI 1640 medium. The parasites were used within 30 to 40 min of their removal from the peritoneal cavity. All animal studies were reviewed and approved by the ethics committee of animal use of the Biophysics Institute Carlos Chagas Filho (code IBCCF99).
LLC-MK2 cells. LLC-MK2 kidney epithelial cells (rhesus monkey [Macaca mulatta]) were grown in 25-cm 2 culture flasks (SPL Life Sciences) containing RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) at 37°C in a 5% CO 2 atmosphere. Infection by the parasite was conducted in subconfluent cultures in flasks or over coverslips in 24-well tissue culture plates (SPL Life Sciences).
Iron(III) compound. The iron(III) compound [Fe(HPCINOL)(SO 4 )] 2 --oxo was obtained as previously described (17) . For in vitro studies, this compound was dissolved in RPMI 1640 medium and stored at Ϫ20°C. Cell viability assays. The possible toxic effects of the compound on the host cell were evaluated based on the reduction of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] and the release of lactate dehydrogenase (LDH). For these assays, 1 ϫ 10 5 cells per well were seeded in 96-well plates and cultured with RPMI 1640 medium supplemented with 5% FBS. After 24 h, the cells were washed and directly subjected to compound treatment at concentrations derived from serial dilutions in RPMI 1640 medium supplemented with 5% FBS; the dilutions included concentrations from 200 to 1.69 mol liter Ϫ1 . As a negative control, the cells were cultured in RPMI 1640 medium supplemented with 5% FBS without the addition of the compound. As a positive control, the cells were cultured with 10% Triton X-100, as previously described.
After 24 h of treatment, the culture supernatant was removed and used for LDH measurement (see below), and 15 l of MTT (5 mg/ml) in RPMI 1640 medium solution was added to each well for 4 h. The formazan crystals were subsequently solubilized by the addition of 100 l of pure dimethyl sulfoxide (DMSO). The plate was centrifuged at 400 ϫ g for 7 min, and 100 l of the supernatant was collected, transferred to a new 96-well plate, and read at 570 nm in a VersaMax microplate reader (Molecular Devices) using the 6.0 SoftMax Pro software. LDH concentrations (18, 19) were measured in the culture supernatants of the LLC-MK2 cells using the Doles kit with 50 l of the cultured supernatant, according to the manufacturer's protocol. The data were plotted using the GraphPad Antiproliferative assays. Approximately 2 ϫ 10 5 LLC-MK2 cells per well were seeded over coverslips in a 24-well plate 1 day before the assay. The cells were infected with parasites in RPMI 1640 medium using a 5:1 parasite-to-host cell ratio based on the host cell count on the day of the infection. Tachyzoites were allowed to interact with the host cells for 1 h, the cell monolayer was washed twice with PBS to remove nonadhered parasites, and the iron(III) compound was added at different concentrations (2.5 to 25 M) in RPMI 1640 medium supplemented with FBS. After 48 h or 6 days of treatment, the cells were fixed with fresh 4% formaldehyde in PBS, stained with Giemsa, and observed by light microscopy. The samples subjected to the 6-day treatment received new culture medium containing the compound every 2 days. This procedure was repeated for all of the 6-day assays described in this paper. The proliferation index was calculated by multiplying the mean number of internalized T. gondii organisms per cell by the percentage of infected cells on two different coverslips per experiment (20) . The data were plotted using the GraphPad Prism 6.0 software. The presented results represent the means Ϯ standard deviations of the results from at least three independent experiments, and differences were considered statistically significant at a P value of Ͻ0.05. For the calculations of the 50% inhibitory concentration (IC 50 ), the percentage of growth inhibition was plotted as a function of the drug concentration by fitting the values for nonlinear curve analysis. The regression analyses were performed using the SigmaPlot 8.0 software (Systat Software, Inc., Chicago, IL, USA).
Electron microscopy analysis. To observe the ultrastructure of intracellular parasites using transmission electron microscopy, cells in culture flasks were fixed for 1 h in a solution containing 2.5% glutaraldehyde and 4% recently prepared formaldehyde in 0.1 mol liter Ϫ1 sodium cacodylate buffer (pH 7.4) after 48 h or 6 days of treatment with 10 mol liter stained with uranyl acetate and lead citrate and observed under a Zeiss 900 transmission electron microscope.
For scanning electron microscopy, cells over coverslips were fixed and postfixed after 48 h or 6 days of treatment with 10 mol liter Ϫ1 or 25 mol liter Ϫ1 compound, as described above, and dehydrated in a graded acetone series. The cells were critical point dried and mounted on stubs, and the upper portion of the cells was scraped off with an adhesive tape, revealing the internal organization of the parasitophorous vacuole (21) . The samples were then coated with gold (20 to 30 nm) and observed using a Jeol JSM 6490LV scanning electron microscope.
Immunofluorescence and cell death assays. LLC-MK2 cells over coverslips were infected with tachyzoites, treated with 10 mol liter Ϫ1 compound or left untreated for 48 h or 6 days, washed with PBS, and fixed with 4% freshly prepared formaldehyde in PHEM buffer {60 mmol liter After fixation, the cells were washed, permeabilized with 2% Triton X-100 in PHEM buffer for 10 min, incubated with 100 mmol liter Ϫ1 NH 4 Cl for 30 min, and then incubated with PHEM buffer containing 3% bovine serum albumin (PHEM-BSA) for 30 min at room temperature. The cells were incubated for 1 h in the presence of Dolichos biflorus lectin conjugated with fluorescein isothiocyanate (DBA-FITC) (10 g ml Ϫ1 ) (Sigma Aldrich Co., St. Louis, MO, USA) or with the LC3B rabbit polyclonal antibody (1:1,000 dilution). After labeling with LC3B, the cells were incubated with goat anti-rabbit Alexa Fluor 546 antibody (1:100 dilution) (Molecular Probes). After labeling, the cells were washed with PHEM, and the coverslips with cells were mounted in ProLong Gold with or without 4=,6-diamidino-2-phenylindole (DAPI). The percentage of cells with vacuoles positive for LC3B was quantified by a direct count of the total number of positive cells among 100 infected cells on two different coverslips per experiment. DNA fragmentation was also assayed after infection and treatment. Infected cells were treated with 10 mol liter Ϫ1 compound or left untreated for 6 days, washed, and fixed, as described above. After fixation, the cells were washed, permeabilized with cold 70% ethanol for 10 min, and processed, as recommended by the manufacturer of the Click-iT terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) Alexa Fluor 488 imaging assay kit (Molecular Probes). After labeling, the coverslips were prepared as described above and observed using a Zeiss LSM-710 confocal laser scanning microscope.
DCFH-DA assay. In order to evaluate the possible generation of reactive oxygen species in the host cells after treatment, the LLC-MK2 cells over coverslips were infected or noninfected with tachyzoites and treated with the compound or left untreated for 6 days. The cells were washed in PBS and incubated for 30 min with 0.5 mol liter Ϫ1 2=,7=-dichlorofluorescein diacetate (DCFH-DA) at 37°C in a 5% CO 2 atmosphere. The cells were subsequently fixed using 4% recently prepared formaldehyde in PBS. After 1 h, the cells were washed in PBS and mounted with ProLong Gold containing DAPI (adapted from Jakubowski and Bartosz [22] ). The cells were analyzed using a Zeiss LSM-710 confocal laser scanning microscope.
Determination of T. gondii catalase and superoxide dismutase activities. To measure parasite enzyme activities, LLC-MK2 cells were seeded in a 25-cm 2 culture flask and infected with tachyzoites or left uninfected. After 1 h of infection, the samples were treated with 10 mol liter Ϫ1 iron(III) compound or left untreated for 6 days. Uninfected host cells that were treated with the iron(III) compound or left untreated were used as controls. T. gondii cells were mechanically isolated by scraping the infected cells with a rubber policeman and passing the cells through syringes (1-in. BD precision glide needle, 22 Ϫ1 riboflavin) for another 15 min and exposed to light (60 W) until the bands appeared. The activity was obtained via densitometry of the bands scanned from the gel and expressed as the fold increase in SOD activity for comparisons of LLC-MK2 cells that were uninfected and treated with the iron compound, infected and left untreated, infected and treated with the compound, and uninfected and left untreated (i.e., control host cells).
RESULTS
The tested metallocomplex is a neutral coordination compound that contains an inorganic diiron(III) core ( Fig. 1) (18) . The toxicity of the Fe(III) compound for LLC-MK2 host cells was initially evaluated after 24 h of treatment. The data presented in Fig. 2 demonstrate that this compound does not affect the viability of the host cells after 24 h of treatment, even at a concentration of 200 mol liter Ϫ1 , as indicated by the two assays employed in this study (i.e., MTT and LDH) ( Fig. 2A and B, respectively) .
The anti-Toxoplasma activity of the iron(III) compound against the growth of intracellular T. gondii tachyzoites within LLC-MK2 cells was evaluated after 48 h and 6 days of treatment. Figure 3 shows that the iron(III) compound induces a dose-dependent inhibition of parasite growth at concentrations from 2.5 to 25 mol liter Ϫ1 (Fig. 3A ). An IC 50 of 3.6 mol liter Ϫ1 was obtained after 48 h of treatment (Fig. 3A) . After 6 days of treatment at a concentration of 10 mol liter Ϫ1 , the infection index was three times lower than that of the untreated cells (Fig. 3B) .
Light microscopy images revealed that treatment with the iron(III) compound for 48 h and 6 days affected the characteristic organization of tachyzoites inside the parasitophorous vacuoles. As expected, in untreated cells, the parasites were organized in rosettes ( Fig. 4A and C) ; however, after treatment with the compound, the parasites were grouped in a structure with a thick vacuolar membrane that was similar to that of bradyzoite cysts ( Fig.  4B and D) . Scanning electron microscopy confirmed the organization of the parasites into cysts after 6 days of treatment. Untreated cells contained tachyzoites in rosettes (Fig. 5A) , and after treatment, nearly all of the parasites were clustered in structures similar to those of bradyzoite cysts (Fig. 5B) . A large number of parasites were also observed in infected untreated cells (Fig. 5C ) due to the nature of the lytic cycle of tachyzoites of T. gondii. After treatment with 10 mol liter Ϫ1 iron(III) compound, the cell monolayers were preserved, with a clear reduction in the number of attached extracellular parasites (Fig. 5D) , showing that the iron(III) compound controlled the growth of T. gondii. In addition, this treatment appeared to generate abnormalities related to the T. gondii division process (Fig. 5E) . Interestingly, treatment with 25 mol liter Ϫ1 compound also induced changes in parasite shape ( Fig. 5F and G) , with the appearance of unusual structures attached to the parasite body, such as membrane blebs, which are usually seen in apoptotic cells (Fig. 5H) .
Transmission electron microscopy of the control cells revealed preserved tachyzoite structures (Fig. 6A) . However, after 6 days of treatment with 10 mol liter Ϫ1 iron(III) compound, the parasites exhibited alterations in the cytoplasm, such as extensive clefts (Fig. 6B to F ) and membrane blebs (Fig. 6B and C) , which are hallmarks of apoptosis. In addition, DNA strand breaks were also detected in intravacuolar parasites after 6 days of treatment with the compound (Fig. 7A and B) . This effect was not observed in the untreated cells (Fig. 7C and D) .
After 6 days of treatment, the parasites exhibited an abnormal quantity of cytoplasmic structures similar to amylopectin inclusions, which are typically found in bradyzoites (Fig. 6G) . The presence of bradyzoites was confirmed after labeling the cells with DBA lectin, which specifically binds to the cyst wall of bradyzoite cysts (26) . A large number of parasitophorous vacuoles labeled with DBA were observed in cells incubated in the presence of the iron(III) compound for 6 days ( Fig. 8A to C) , while almost no DBA labeling was detected in the infected and untreated cells ( Fig.  8D and E) . Quantification revealed that approximately 12% of the infected treated cells had structures that were DBA positive; in contrast, only 2% of the infected untreated cells were labeled.
The appearance of degraded parasites inside the parasitophorous vacuoles (Fig. 6H ) led us to investigate whether autophagy was involved in the death of the parasites. After 6 days of treatment with the iron(III) compound, some parasites were positive for LC3B, which labels autophagic vesicles (Fig. 9A to C) , while infected untreated cells showed very little staining by LC3B (Fig. 9E and F) . The labeled tachyzoites were counted, and 5% of the tachyzoites were LC3B positive after treatment. In contrast, only 0.7% of the parasites were positive in untreated infected cells.
To determine whether the oxidative status of the cellular environment after treatment with the compound was related to the death of the parasites, we incubated infected or uninfected cells with the compound for 6 days. Intracellular oxidation was monitored using H 2 DCFDA, which becomes internalized by the cells and subsequently reacts with esterases and reactive oxygen species (ROS); these reactions convert the molecule into the highly fluorescent molecule dichlorofluorescein (DCF) (22) . Untreated cells showed no DCF signal, regardless of whether they were uninfected ( Fig. 10A and B) or infected ( Fig. 10C and D) with T. gondii. However, treatment with the compound induced ROS production in the host cells, as indicated by a fluorescent signal in the cytoplasm of uninfected (Fig. 10E and F) and infected ( Fig. 10G and H) host cells; labeling was observed primarily around the parasitophorous vacuoles (Fig. 10H, inset) .
To investigate whether these changes in ROS production might affect an important antioxidant defense strategy of the parasite, we analyzed the SOD and CAT activities of the host cells and T. gondii. Both of these enzymes are antioxidant metalloenzymes that are strongly related to the primary defense of the parasite against the harmful generation of ROS (27) . The SOD activity did not differ between treated and untreated host cells (Fig. 11A) . However, parasites obtained after 6 days of treatment with the iron(III) compound exhibited a 50% reduction in SOD activity in comparison to parasites obtained from untreated infected host cells (Fig. 11A) . Moreover, CAT activity was nearly completely abolished in parasites obtained from compound-treated host cells compared to that in parasites from untreated host cells and untreated host cells alone (Fig. 11B) . These results indicate that oxidative stress is a principal mechanism by which this iron(III) compound exerts its cytotoxicity.
DISCUSSION
The worldwide occurrence of toxoplasmosis, the lack of a definitive cure for this disease, and the current use of a treatment with several side effects (9, 10) highlight the urgent need to design and investigate new compounds with increased specificity and effectiveness against T. gondii. In this context, we investigated whether a compound containing iron(III) as a coordination center exerts toxic effects on this parasite.
Our results demonstrate that the iron(III) compound had low toxicity to LLC-MK2 host cells, which is consistent with previous results obtained using normal human peripheral blood mononuclear cells (16) . However, the compound had an IC 50 of 3.6 mol liter Ϫ1 , which is notably lower than the values described in the literature for currently used clinical drugs. For example, sulfadiazine, which is a reference drug for the clinical treatment of T. gondii, has a variable IC 50 that is dependent on the host cell used. The IC 50 s against T. gondii (RH strain, tachyzoite form) in fibroblastic cell lines, such as HFF (28) , respectively. Thus, in addition to being safe, the iron(III) compound under investigation was efficient. Because the cell line used in this work (i.e., LLC-MK2) is an epithelial cell line with characteristics similar to those described above, we believe that the iron(III) compound tested in this study is a promising candidate as a new alternative drug for toxoplasmosis therapy. In the population of T. gondii that was resistant to the treatment, the iron(III) compound also induced the transformation of T. gondii from the tachyzoite (i.e., active) form to the bradyzoite (i.e., latent) form. This conversion was indicated by the presence of cyst-like structures in conventional optical and electron microscopy samples. Furthermore, the appearance of bradyzoite ultrastructural markers, such as amylopectin granules and the tissue cyst wall, which are labeled by DBA lectin, was also observed. The formation of tissue cysts of T. gondii in vitro after the conversion of tachyzoites to bradyzoites has also been described for other molecules (e.g., pterocarpanquinone LQB-118 [33] and azasterols [34] , for which the IC 50 s after 48 h of treatment were 2.5 mol liter Ϫ1 and between 0.8 and 4.7 mol liter Ϫ1 , respectively). It is important to note that the T. gondii tachyzoites used in this set of assays belong to the virulent strain RH, which does not usually generate tissue cysts in mice (35) (36) (37) . However, some studies have shown that tachyzoites that belong to the RH strain, when infecting primary cultures of embryonic muscle cells, are able to spontaneously convert into the bradyzoite stage in vitro, although at a 3% rate (38, 39) . In addition, in an infection model with mice, treatment with atovaquone and pyrrolidine dithiocarbamate (40) or sulfadiazine (41) induces the conversion of tachyzoites of the RH strain to bradyzoites. Other compounds with in vitro and in vivo anti-T. gondii activities were able to convert tachyzoites into bradyzoites, such as an inhibitor of cyclic GMP-dependent protein kinase (42, 43) . This result suggests that the iron(III) compound employed in this study induced a stressful condition for the parasite, resulting in this type of conversion.
The scanning electron microscopy images clearly show that after 6 days of infection of the host cells, the lytic cycle of the parasite was established with the release of large amounts of parasites, resulting in disruption of the host cells (44) . This is characteristic of the cell cycle of tachyzoites of T. gondii RH. Treatment with the iron(III) compound was able to preserve the host cell monolayer, as seen by the much smaller number of extracellular parasites (Fig. 5D) , probably due to the induction of T. gondii cystogenesis and the control of parasite proliferation caused by the metallocomplex. In addition to cystogenesis, treatment with the compound also induced ultrastructural damage, resulting in death of part of the parasite population. This damage included the appearance of structures with a myelin-like aspect and membrane structures in the parasite cytoplasm that are typical of autophagic processes. Autophagy was confirmed in some parasites by labeling with the LC3B marker. Approximately 5% of the infected and treated cells contained autophagic vesicles, and some vacuoles contained parasites with autophagic ultrastructural changes. These features have been observed in T. cruzi cells treated with geranylgeraniol (45) and in T. gondii cells incubated with monensin (46) . In addition, our scanning and transmission electron microscopy analyses revealed the appearance of blebs in the parasite membrane, which is a hallmark of cells undergoing apoptotic cell death. This type of cell death was confirmed using the TUNEL test, indicating that the compound used in this study activated multiple cell death mechanisms. The simultaneous occurrence of different types of cell death, such as autophagy, apoptosis, and necrosis, has been described in other parasites, such as T. cruzi (47, 48) . Interestingly, this phenomenon appears to occur in T. gondii after treatment with the iron(III) compound described in this paper. To investigate a possible mode of action of this iron(III) compound, we evaluated whether the stressful conditions induced by the treatment were associated with an oxidative insult. We found that both infected and uninfected host cells significantly increased the production of ROS only when treated with the compound. This treatment may have caused alterations in the intracellular redox balance of the parasites, leading to antioxidant defense dysfunction and parasite death. Interestingly, the treatment appeared to specifically affect the parasite, with no effect on host cell viability. As previously described in the literature (49) , iron may induce the production of free radicals, such as hydroxyl radicals, in biological systems; free radicals are often associated with DNA damage, lipid peroxidation, protein modifications, and other related effects that are characteristic of oxidative stress (50) . Other parasites were recently described to be susceptible to chemical compounds that induce oxidative stress, such as miltefosine, which is used against Leishmania donovani (51); glabridin, which is used against Plasmodium falciparum and causes death, as evidenced by the depolarization of mitochondrial membrane potential, the activation of caspase-like proteases, and DNA fragmentation (52) ; and the compound elatol, which increases ROS production in treated T. cruzi trypomastigotes, leading to autophagy and apoptosis (53) . T. gondii has evolved a robust antioxidant defense system (27) , which is primarily based on the activity of the SOD (54) and CAT (53, 55, 56) antioxidant enzymes, enabling the parasite to deal with ROS produced by immune cells. However, the parasite was unable to handle the increased intracellular oxidation that was generated in the host by the iron(III) compound. To understand why the parasite was unable to counteract the increase in host intracellular oxidation that was induced by the iron(III) compound, the T. gondii antioxidant enzymes SOD and CAT were quantified. The susceptibility of the parasite to oxidative stress likely occurred due to a reduction in activity of the enzymatic antioxidant protection system, which is represented by the SOD and CAT enzymes. Interestingly, the SOD and CAT enzymes may be inactivated by increased ROS in different in vitro (57) and in vivo (58) models.
In conclusion, we found that an increase in ROS production after treatment with the iron(III) compound was the main factor responsible for the cytotoxicity of the compound, which killed 60% of the parasite population via different cell death pathways after 6 days of continuous treatment. The compound investigated in this study has high efficacy in vitro and may be considered a promising chemotherapeutic agent against T. gondii, due to its lack of toxicity to the host cell and its ability to reduce the levels of metalloenzymes that are important for the antioxidant protection of the parasite by generating oxidative stress. In vivo studies will be performed in the future to validate the efficacy of the compound.
